Abstract The description of frailty, a syndrome of the elderly due to the decline of homeostatic capacities, has opened new opportunities in the study of the biological basis of human aging. However, the noticeable heterogeneity for this trait in different geographic areas makes it difficult to use standardized methods for measuring the quality of aging in different populations. Consequently, the necessity to carry out population-specific surveys to define tools which are able to highlight groups of subjects with homogeneous aging phenotype within each population has emerged. We carried out an extensive monitoring of the status of the elderly population in Calabria, southern Italy, performing a geriatric multidimensional evaluation of 680 subjects (age range 65-108 years). Then, in order to classify the subjects, we applied a cluster analysis which considered physical, cognitive, and psychological parameters such as classification variables. We identified groups of subjects homogeneous for the aging phenotypes. AGE (2010) 32:385-395 DOI 10.1007 Alberto Montesanto and Vincenzo Lagani equally contributed to the study. The diagnostic and predictive soundness of our classification was confirmed by a 3-year longitudinal study. In fact, both Kaplan-Meier estimates of the survival functions and Cox proportional hazard models indicate higher survival chance for subjects characterized by lower frailty. The availability of operative frailty phenotypes allows a reappraisal of the biological basis of healthy aging as it regards both biomarkers correlated with the frail phenotype and the genetic variability associated with the phenotypes identified. Indeed, we found that the frailty phenotype is strongly correlated with clinical parameters associated with the nutritional status.
Introduction
In the last decades, there has been an increasing interest with respect to the research of the biological and environmental factors affecting the quality of human aging. This is primarily due to the social burden connected to the extraordinary increase of the elder population, which implies an increase of the subjects which are not autonomous and are affected by invalidating pathologies (Christensen et al. 2008 and references therein). Although aging is a general phenomenon, it is clear that a great interindividual variability on the rate and the quality of aging can be observed. The American Medical Association, in its white book on the health of the elderly, highlighted as the identification of the "frail" subjects would significantly improve the possibility to program and implement the assistance to the subjects who are in need, and then it has to be a priority for the health system (Walston et al. 2006) . However, if a geriatrician is certainly able to distinguish the old subjects with a good quality of aging, it has turned out to be very difficult to find an objective index allowing us to define discrete phenotypes for the trait "quality of aging" (Gillick 2001; Pel Littel et al. 2009 ). For this reason, the definition of a discrete phenotype would certainly further our understanding of the biological basis of the aging-related decline. The emerging concept of "frailty" as a syndrome related to the decline of the homeostatic capacity is strongly favoring the research in this field (Walston et al. 2006 ; Levers et al. 2006) . In particular, the definition of frailty given by Fried and coworkers, where frailty is defined as a wasting syndrome correlated to the lost of homeostasis which leads to a significant increase of the age-related decline of different physiological systems and then to disability, comorbidity, and death risk (Fried et al. 2001) , seems particularly promising . Fried et al. highlighted that muscle strength, psychological resources, nutritional status, and physical activity are good indicators to measure the frailty in the elderly. Then, based on the distribution of the results at the different tests, they identified three different groups of old subjects: frail, nonfrail, and prefrail. In longitudinal follow-up, the subjects identified as "frail," that is with a high degree of frailty, turned out to have a higher chance to be hospitalized or to die in the years next to the visit. However, the difficulty to obtain an operative definition of frailty is further increased by the observation that a noticeable heterogeneity for the quality of aging in different geographic areas exist. In particular, within Europe, a dramatic difference for the quality of aging between northern and southern Europe (Jeune et al. 2006) was shown. This makes it quite difficult to adopt the tests and their relevant thresholds set up to study the quality of aging in certain population, for monitoring aging in a different population. Consequently, the necessity to carry out population-specific surveys to define the tools which are able to highlight within each population the group of subjects with homogeneous aging phenotype (Passarino et al. 2007 ) has emerged. In this frame, the cluster analysis (CA) proved to be very useful. In fact, it is a very efficient statistical tool for analyzing data in order to obtain homogeneous groups of subjects with respect to some variables and so to classify homogenous subgroups within each population (Anderberg 1973; Dilts et al. 1995; Marengoni et al. 2008) .
Our research group carried out different campaigns to monitor the quality of aging in Calabria, southern Italy. This has allowed us to set up an original protocol aimed at providing a multidimensional evaluation of the quality of aging of Calabrian old subjects. Recently, in order to obtain an operative definition of frailty, we proposed a cluster analysis approach (Passarino et al. 2007 ). The diagnostic and predictive soundness of our classification has been subsequently confirmed by a longitudinal study, which showed a differential incidence of comorbidity, disability, and mortality within 18 months from the visit among the different groups defined. In the present paper, we propose a reappraisal of our analysis, by using a larger sample and a longer follow-up period. In addition, we reconsidered the items used for the cluster analysis as well as the statistical details of the analysis. This has allowed us to find out population-specific frailty phenotypes that may be very useful for studying the aging process and for better taking care of most frail subjects. In addition, in order to describe the variability observed within each frailty group identified by cluster analysis, a frailty index (FI) was estimated.
Materials and methods

Samples
Two samples were analyzed. The first (S1) included 65-89-year-old subjects (376 subjects, 181 males and 195 females; median ages 72 and 73 years, respectively); the second (S2) included 308 subjects older than 90 years of age (136 males and 172 females; median ages 93 and 92 years, respectively). All the subjects were born in Calabria (southern Italy) and their ancestry in the region had been ascertained up to the grandparents' generation. The samples have been recruited in the frame of different recruitment campaigns carried out by our research group between 2002 and 2007. Subjects older than 90 years (S2) were identified through the population registers and then contacted by specialized personnel and invited to join the study. Younger subjects were contacted either through general physicians or by means of the INRCA Hospital, which is a reference point for the care of the aging people in the Calabria region. Finally, each subject was met by a geriatrician and a person (usually a biologist) trained to conduct a structured interview. All the subjects were recruited after a complete multidimensional geriatric assessment with detailed clinical history, including anthropometric measures and a set of the most common tests to assess cognitive functioning, functional activity, physical performance, and depression. In addition, common clinical hematological tests were performed. Subjects with dementia and/or neurologic disorders were not included. Phenotypic information was collected by using the questionnaires available at the following web site: http://biologia.unical.it/echa/ results.htm. Vital status at 36 months for S1 sample and at 18 months for S2 sample after the visit was traced for 273 subjects (72.6%) in S1 and for all the 308 subjects (100%) in S2 through the population registers of the municipalities where the respondents lived.
All the subjects had given informed consent for studies on aging carried out by our research group.
Geriatric assessment
Cognitive functioning The Mini Mental State Examination (MMSE) test (Folstein et al. 1975 ) is a 30-point cognitive scale which evaluates several different areas of thinking including memory, judgment, calculation, abstraction, language, and visual-spatial ability. MMSE scores range from 0 (lowest cognitive function) to 30 (highest cognitive function). Since the test is affected by age and educational status, the MMSE scores were normalized for these variables.
Functional activity The management of activities of daily living (bathing, dressing, eating, independence in and out of bed) was assessed by using a modification of an international and widely used scale, the Katz' Index of activities of daily living (ADL; Katz et al. 1970 ). The assessment was based on what the subject was able to do at the time of the visit. Each activity was scored as 0 for people unable to perform the activity analyzed and 1 for people able to perform such activity. Then, ADL scores ranged between 0 (unable to perform any activity) and 5 (able to perform all the activities).
Physical performance Hand grip strength was measured by using a handheld dynamometer (SMED-LEY's dynamometer TTM) while the subject was sitting with the arm close to his/her body. The test was repeated three times with the stronger hand; the maximum of these values was used in the analyses. When a test was not carried out, it was specified if it was due to physical disabilities or because the subject refused to participate.
Depression Depression was assessed by the short form (15 items) of the Geriatric Depression Scale (GDS; Sheikh and Yesavage 1986) . The GDS uses a yes/no format, giving a score of 1 for each answer indicating depression. GDS scores ranged between 0 (best state) and 15 (worst state).
Self-reported health status Self-reported health status (SRHS) was assessed by asking the following question: "How is your health in general?" The possible answers were: "Very good" (coded as 5), "good" (coded as 4), "fair" (coded as 3), "poor" (coded as 2), or "very poor" (coded as 1).
Statistical analyses Ward's (1963) method was used to realize two distinct hierarchical CA, respectively, on S1 and S2 samples. For each sample, we performed the CA twice, by using two different sets of classification variables. The first set corresponds to those originally proposed by Passarino et al. (2007) and includes MMSE, hand grip strength, and GDS. The second one represents a new set of classification variables, composed by MMSE, hand grip strength (included also in the first classification), ADL, and SRHS. In correspondence to these two different sets of variables, two different classifications were obtained. We will refer to the classifications obtained by using the first set of variables as cluster analysis 1 (CA1), while those obtained by using the second set of variables as cluster analysis 2 (CA2). In order to choose the optimal number of groups, we plotted the increase in the total within-cluster sum of squares against the number of groups. We chose the optimal number of clusters where we saw the largest drop in the total within-cluster sum of squares.
Kaplan-Meier estimates were used to obtain the survival curves for each group identified by the two classifications in S1 and S2 samples. In order to evaluate the prediction of both classifications with respect to mortality risk, the obtained survival curves were then compared by log-rank test.
Since the prediction of our CA models could be biased by confounding factors, Cox proportional hazard models (Cox 1972) were used to assess the independent contribution of our CA classifications. Sex, age, and medical conditions were used as adjunctive covariates, since they showed to be predictive of mortality in different studies (McGue and Bouchard 1984) . Before applying Cox models, indicators for frail and prefrail status were created in S1 sample, with the nonfrail serving as the reference group; indicator for very frail was created in S2 sample, with the frail group serving as reference. Moreover, Schoenfeld (1982) residuals were used to assess the proportional hazard assumption.
Finally, the regression equations resulting from the obtained Cox proportional hazard models have been used to formulate a Frailty Index (FI) (logit scores of the Cox models).
ANOVA test, t Student, and the correspondent nonparametric Mann-Whitney and Kruskal-Wallis tests were used (as appropriate) to compare the values of quantitative variables among the frailty groups defined by the CA approach. Statistical analyses were performed by using SPSS 15.0 (SPSS Inc., Chicago, IL, USA). A significance level of α=0.05 was chosen in all the tests. Table 1 reports anthropometric characteristics in the two samples, together with information on some of the most important geriatric parameters (MMSE, hand grip strength, ADL, GDS, SRHS). The values of MMSE and hand grip strength were used after normalization with respect to the nonindependent variables. In particular, MMSE scores were normalized for education level (p<0.001 in both S1 and S2) and age (p=0.004 in S1 and p<0.001 in S2); hand grip strength values were normalized for age (p< 0.001 in both S1 and S2), sex (p<0.001 in both S1 and S2), and height (p<0.001 in S1 and p=0.002 in S2).
Results
CA was then carried out according to the procedure previously described (Passarino et al. 2007) . As in that case, the cluster dendrogram plots and the analysis of the increase in total within-cluster sum of squares suggested the stopping of the clustering process when three clusters were obtained in S1 and two clusters in S2 (Fig. 1 a, b) . In Table 2 , we report for each sample the mean values of the classification variables.
The analysis of the classification variables within the different clusters allowed us to define the three clusters in S1 as nonfrail (the cluster with subjects showing the best scores for the classification variables), frail (the clusters with subjects showing the worst scores for the classification variables), and prefrail (the cluster with subjects showing intermediate scores for the classification variables). Similarly, in S2, the two clusters obtained were defined as frail (the cluster with subjects showing the best scores for the classification variables) and very frail (the cluster with subjects showing the worst scores for the same variables). Kaplan-Meier estimates of the survival functions have been then obtained for each of the groups defined according to the CA1 classification obtained in S1 and in S2 samples. After 36 months, 21.4% of those who were frail had died, compared to 4.3% of those who were prefrail and 8.4% of those who were nonfrail at baseline in S1 sample. In S2 sample, after 18 months, 31.2% of those who were very frail had died, compared to 19.1% of those who were frail at baseline (Table 3) .
To assess the independent predictive validity of these frailty phenotypes, we evaluated its association with prospective mortality risk by Cox proportional hazard models. In Table 4 , the hazard ratio (HR) for mortality risk over the period of follow-up in S1 is displayed for those who were in the frail or prefrail status at baseline relative to those who were nonfrail. Unadjusted estimates resulted to be borderline significant for the predictive association of the frail status with mortality (p=0.048) but not of the prefrail status. By contrast, no significance was observed when adjusted estimates were used. For the S2 sample, HR estimate for the mortality risk over the follow-up period was estimated for those who were in the very frail group at baseline relative to those who were frail. Unadjusted estimates resulted to be significant for the predictive association of the frail status with mortality (p = 0.039), while adjusted estimates turned out to show no significant association. The covariates included in the Cox models as confounding factors were sex, age, and medical conditions. Figure 2 reports the age-and sex-adjusted estimated proportional hazard survival functions for the frailty groups defined by CA1 in S1 and S2 samples (Fig. 2 a, b) . As mentioned before, CA2 has been performed by using the same clustering procedure of CA1, but with a different set of classification variables (MMSE, hand grip strength, ADL, and SRHS). Also, in this case, the cluster dendrogram plots and the analysis of the increase in total within-cluster sum of squares suggested the stopping of the clustering process when three clusters were obtained in S1 and two clusters in S2 (Fig. 3 a, b) . Thus, as in the previous case, according to the average values of the classification variables, we identified the three clusters in S1 as nonfrail, prefrail, and frail phenotypes and the two clusters in S2 as frail and very frail phenotypes. Table 5 reports for each of the groups obtained by CA2 the mean values of the classification variables. Then, for each of the resulting groups, the Kaplan-Meier estimates of the survival functions in S1 and in S2 samples were obtained. After 36 months, 40.0% of those who were frail had died, compared to 12.7% of those who were prefrail and 3.2% of those who were nonfrail at baseline in S1 sample. After 18 months, 36.0% of those who were very frail had died, compared to 16.4% of those who were frail at baseline in S2 sample (Table 6) .
Also, in this case, to assess the independent predictive validity of these frailty phenotypes, we evaluated its association, prospectively, with mortality risk ascertained in a prospective follow-up by using Cox proportional hazard models. Table 7 shows the HR for mortality risk over the period of follow-up. The predictive association of the prefrail and frail status with mortality turned out to be significant in the unadjusted model (p=0.012 and p<0.001 for prefrail and frail status, respectively). After adjustment with relevant covariates, mortality turned out to be significant in the frail group only (p=0.029). In S2, both unadjusted and adjusted estimates resulted to be significant for the predictive association of the frail status with mortality (p<0.001 and p=0.009, respectively). Also, in this case, the covariates of interest were sex, age, and medical conditions. The data reported in Table 7 indicate that, after adjusting for relevant covariates in the model obtained in S1 sample, belonging to the most vulnerable groups (frail phenotype) is a significant predictor for mortality risk. In fact, the risk of death per unit of time for a frail subject is 6.54 times that for a nonfrail subject. Also, in the model obtained in S2 sample, after adjusting for relevant covariates, belonging to the very frail group is a significant predictor for mortality risk with a risk of death per unit of time equals to 2.32 times that for a frail subject.
In both models, proportional hazard assumptions were satisfied as shown by graphical (log-log survival plots involving the relevant covariates) and analytical (goodness-of-fit test involving the Schoenfeld residuals) approaches (data not shown). Figure 4 reports the age-and sex-adjusted estimated proportional hazard survival functions for the frailty groups defined by CA2 in S1 and S2 samples (Fig. 4 a, b) .
On the basis of the regression equations obtained from the two fitted Cox proportional hazard models in For MMSE and hand grip strength, standardized residuals were used after appropriate adjustment. Negative or positive numbers correspond to values lower or higher than the sample means, respectively 
in S1 sample and log h i ðtÞ h 0 ðtÞ ¼ 0:054 Â AGE i þ 0:840 Â VERY FRAIL i in S2 sample, where AGE i is the age of the subject i, SEX i assumes a value of 1 if the subject is male and 0 otherwise, and PREFRAIL i , FRAIL i , VERY_FRAIL i , are dichotomous variables that assume a value of 1 whether the subject i belongs to the respective group. In the S1 sample, the mean values of FI after standardization were −0.82, 0.53, and 1.81 in nonfrail, prefrail, and frail groups, respectively (p<0.001). In the S2 sample, the FI-standardized values were −0.41 and 0.52 in very frail and frail groups, respectively (p<0.001).
In addition, we explored the association between the frailty phenotypes and different hematological parameters (a complete list of the screened hematological parameters is given in the Supplementary Material). Tables 1SM and 2SM in Supplementary Material report that the hematological parameters are significantly associated with the frailty phenotype in S1 (Table 1SM ) and S2 samples (Table 2SM) according to CA2 classification. 
Discussion
The recent description of frailty has opened new opportunities in the research of the biological basis of aging. However, frailty is still a slippery concept, and it is debated how to measure frailty phenotypes, also considering its possible population specificity. We have been monitoring for a number of years the condition of the aging population in Calabria. In a previous study, by applying a cluster analysis to identify groups of subjects homogeneous with respect to chosen variables, we showed that monitoring the conservation of cognitive (MMSE), neuromuscular (hand grip), and psychological resources (Geriatric Depression Scale) may give good indications about the frailty phenotype (Passarino et al. 2007 ). In fact, these resources are the main component of the frailty circle and gauge some of the most important aspects of the age-related biological decline (Fried et al. 2001) . In the present study, by using the same variables considered in the previous study on a larger sample and following the enrolled subjects for a longer time period, we could confirm that these items are good indicators of frailty. Indeed, the subjects identified as frail by means of cluster analysis had a higher risk of death in both S1 and S2 samples. However, better results were obtained by redefining the classification variables and using SRHS (which showed to be an effective indicator of the psychological status of the elderly, see Nybo et al. 2003 ) instead of GDS and by adding also ADL. In fact, the analysis of the data suggested that GDS scores may be too heavy on determining the outcome of the cluster analysis (possibly because the test ranges from 1 to 15, but most subjects are either close to zero or to 15); in addition, ADL scores were shown to be very tightly correlated to the evolution of the aging phenotype and to the energy expenditure (Pel Littel et al. 2009 and references therein). The new set of variables has allowed us to redefine frail, prefrail, and nonfrail subjects in S1 as well as very frail and frail subjects in S2. The analysis of perspective survival clearly showed a very significant difference in death risk among different groups. In fact, both KaplanMeier estimates of the survival functions and Cox proportional hazards model clearly indicate the higher survival chance for nonfrail and prefrail with respect to frail in S1 and of very frail with respect to frail in S2. It is important to notice that the difference in mortality between groups with different frailty increases as time goes, suggesting that the baseline inclusion in each group was able to reveal a difference in long-lasting resources more than diseases already present. This is further highlighted by the estimation of HR, which showed that being frail increases the risk of death by a factor of 6.54 after adjustment for age, sex, and a number of age-related pathologies.
Similarly, in S2, very frail subjects have a more than double death risk with respect to frail subjects. The results are confirmed by the frailty index, where we also have the opportunity to better weigh the importance of different covariates. We observed that in S1 each year of age increases the hazard of death by a factor of exp(1.890), while to be male increases such a risk by a factor of exp(0.818). To be in the frail or in the prefrail group increases such a risk by a factor of exp(1.890) and exp(1.214), respectively. In other words, to be in the frail group is more "hazardous" than being 20 years older. Similar results were observed in S2, where, however, the sex is not discriminating. This last result may be related to the peculiar demographic situation of Calabria, where the survival of old males is higher than elsewhere and the male/female ratio among centenarians is about 1:2 instead of 1:4 or 1:5 as observed in northern Italy and northern Europe (Passarino et al. 2002; Montesanto et al. 2008) . It is of a particular interest also to see that selected laboratory parameters are strongly correlated to frailty phenotypes. It is important to underline that these parameters are often easy to obtain and then may give an immediate hint on the status of the elderly. They indicate the importance of lipids, thyroid hormones, iron and hemoglobin, inflammation, nutritional status, and immunological response on the aging phenotype. Besides confirming the relevant role of these parameters in defining the clinical phenotype of frailty, these results add to the present knowledge by demonstrating that serum albumin (i.e., a proxy of nutritional status) is the strongest correlate of the very Covariate adjustment includes age, sex, and presence of the following pathologies: diabetes, hypertension, angina pectoris, heart failure, arrhythmias, asthma, arthritis, migraine, osteoporosis, stroke, heart attack, cancer, and pneumonia. p values refer to the Wald tests frail phenotype in our sample 2 analysis. The latter finding suggests that nutritional status may help to distinguish very frail from frail subjects, and this hypothesis warrants further investigations. It is also interesting to notice that parameters related to the frailty status are different in the two groups, highlighting the importance of age-specific approaches for the evaluation of the frailty status in the elderly. On the other hand, this is in line with the findings of agespecific genetic determinants for longevity ). These results may have important implications. The main implication of the novel approach to define frailty is that it represents a support to the view that frailty is not a synonymous of comorbidity and disability (Fried et al. 2001) . Our findings may be important also from the clinical point of view. In fact, the identification of frail subjects may be very important to address specific medical care to support these subjects and to prevent the effects of frailty. Appropriate prescribing in old patients is known to represent an always-challenging issue. In such a complex scenario, the development of a predictive model identifying prefrail and frail subjects and, as a further research step, the development of its application in clinical practice might help us to tailor treatments on the basis of the real needs of each single patient, especially of prefrail and frail older patients with multiple chronic conditions and reduced life expectancy.
The population specificity of our approach allows the method to be used in different populations by highlighting the variables playing a major role in the determination of the frailty status in that population. However, it requires a preliminary close monitoring of the relevant aging population in order to build the appropriate model. Then, in order to find out to which group a new subject belongs to, a discriminant function (such as logistic regression models, Fisher discriminant analysis, Kernel discriminant analysis) can be used. This function should use the classification variables (MMSE, hand grip, ADL, and SRHS) as independent variables and the group membership as dependent variable. Alternatively, "classification trees" (Breiman et al. 1984) can be used in order to obtain easily understandable decision tree models that can allow us to classify new cases not included in the initial sample. For instance, we applied this approach to our dataset, and we obtained the decision trees reported in Figs. 1SM and 2SM of the Supplementary Material.
On the whole, our study confirms that cluster analysis may be very useful in the definition of frailty phenotype. In fact, it is a very efficient statistical tool for analyzing the data in order to obtain homogeneous groups of subjects with respect to some variables. On the other hand, we have been able to define groups of variables, all influenced by different aspects of the frailty circle described by Fried et al. 2001 , that are quite efficient in defining frailty phenotype in our population. The combination of the statistical method and variables proposed in this paper, as they do not imply a priori threshold, may be valuable also for most populations. 
